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Introduction {#sec001}
============

Peripheral vision is susceptible to a phenomenon called crowding, whereby it is difficult to segregate a target object from other objects that are in close proximity.\[[@pone.0232276.ref001]--[@pone.0232276.ref004]\] Crowding is a particular concern for patients with macular degeneration who lose central vision and are forced to rely on peripheral vision. These patients often develop a preferred retinal locus (PRL), a specific region of the peripheral retina that is used for fixation.\[[@pone.0232276.ref005]--[@pone.0232276.ref007]\] Crowding impairs spatial vision at the PRL leading to problems with everyday visual activates such as reading.

Crowding in peripheral vision involves cortical mechanisms that can be modulated. For example, perceptual learning can reduce letter crowding in central vision for observers with amblyopia\[[@pone.0232276.ref008],[@pone.0232276.ref009]\] and in peripheral vision for observers with macular degeneration\[[@pone.0232276.ref010]--[@pone.0232276.ref013]\]. However, perceptual learning typically requires a large number of training trials \[[@pone.0232276.ref014]\] which may be a barrier for patients. In addition, the learning does not always transfer to non-trained stimuli.\[[@pone.0232276.ref015]--[@pone.0232276.ref017]\] Interventions that can directly modulate mechanisms within visual cortex that may contribute to crowding could complement perceptual learning techniques and enable improved vision in patients with central vision loss.

Transcranial direct current stimulation (tDCS) is a non-invasive brain stimulation technique\[[@pone.0232276.ref018]--[@pone.0232276.ref020]\] that has the potential to modulate neural mechanisms that contribute to crowding. tDCS involves passing a weak 1-2mA electrical current through two head-mounted electrodes (the anode and cathode) and can induce regional changes in cortical excitability and neurotransmitter concentration that outlast the duration of stimulation. For example, anodal tDCS (a-tDCS) of the motor cortex increases cortical excitability\[[@pone.0232276.ref021]\] and causes a regional reduction in the concentration of the inhibitory neurotransmitter GABA \[[@pone.0232276.ref022]--[@pone.0232276.ref024]\]. When applied to the primary visual cortex, a-tDCS modulates contrast sensitivity\[[@pone.0232276.ref025],[@pone.0232276.ref026]\], visually evoked potential amplitude\[[@pone.0232276.ref025]\] and the visual cortex BOLD response\[[@pone.0232276.ref026]\]. Of particular importance for crowding, a-tDCS can immediately improve Vernier acuity and reduce surround suppression within the near-periphery\[[@pone.0232276.ref027]--[@pone.0232276.ref029]\], possibly by modulating inhibition within the visual cortex\[[@pone.0232276.ref027]\].

Lateral masking involves the presentation of a central target Gabor patch between two flanker patches.\[[@pone.0232276.ref012]\] When the patches have collinear orientation, contrast detection thresholds for the target can be increased (collinear inhibition or lateral masking) or reduced (collinear facilitation) depending on target/flanker separation. Collinear inhibition is distinct from crowding, which involves impaired object recognition rather than elevated detection thresholds. However, collinear inhibition represents a well-established psychophysical technique for assessing low-level inhibitory mechanisms that may contribute to crowding. Collinear inhibition and facilitation arise within the primary visual cortex\[[@pone.0232276.ref030],[@pone.0232276.ref031]\]and are present in central \[[@pone.0232276.ref008]\] and peripheral vision\[[@pone.0232276.ref012],[@pone.0232276.ref032]\]. Maniglia et al. \[[@pone.0232276.ref012]\] observed that collinear lateral inhibition could be reduced by ≈40% in normal peripheral vision after perceptual learning (20 sessions/week over 8 weeks), indicating that collinear inhibition mechanisms within the periphery are plastic.

In this study, we took a first step towards evaluating whether visual cortex a-tDCS has the potential to reduce crowding in peripheral vision by assessing the acute effects of a single stimulation session on lateral inhibition in participants with normal vision. We observed that 20 min of visual cortex a-tDCS reduced lateral inhibition in the visual periphery of healthy observers by ≈30%. This finding paves the way for future studies designed to evaluate the possibility of inducing long-lasting changes in lateral inhibition using a-tDCS and, in the longer term, the potential use of a-tDCS to reduce crowding in individuals with central vision loss.

Materials and methods {#sec002}
=====================

Apparatus and visual stimuli {#sec003}
----------------------------

13 participants with best corrected visual acuity of ≤20/20 agreed to participate in the study. All participants provided written, informed consent. The study was approved by the University of Waterloo research ethics committee. All the procedures involved in this research adhered to the tenets of the Declaration of Helsinki. Participants were instructed to fixate a 0.2°central cross and respond to visual stimuli by pressing a key on a keyboard. Visual stimuli were created using PsychoPy\[[@pone.0232276.ref033],[@pone.0232276.ref034]\] (available for free download: [http://www.psychopy.org](http://www.psychopy.org/)). The stimuli were presented on a 27" LCD (ASUS - <https://www.asus.com/ca-en/Monitors/ROG-SWIFT-PG278QR/>) placed at the distance of 50cm from a chinrest. The LCD background luminance was 32 cd/m^2^.

The visual stimuli consisted of a central target, Gabor patch (visible extent size: 1°, σ: 5, and spatial frequency: 7 cpd) presented 6° to the left of the fixation cross. We selected a spatial frequency of 7 cpd because this spatial frequency produced detection thresholds that were measurable with our 8-bit-luminance-contrast stimulus display system. We presented our stimuli at an eccentricity of 6° because about 70% of macular degeneration patients have a scotoma size of \<5° \[[@pone.0232276.ref005]\] and this experiment was the first step towards investigating the effects of a-tDCS in individuals with macular degeneration. Two flanker Gabor patches (7 cpd, 0.8 contrast) were presented above and below the target. The flanker Gabor patches were positioned at a distance of 2λ (lateral inhibition) or 6λ (control). Throughout the procedure, fixation was monitored in real-time using an infrared video-based eye tracker (EyeLink II, SR Research, Osgoode, Canada, 500 Hz sampling rate).

Psychophysical task {#sec004}
-------------------

The 2AFC lateral masking task involved the measurement of contrast detection thresholds for the central target Gabor patch. The initial contrast of the central Gabor patch was set at 0.5 and its contrast was altered using a 2 down and 1 up staircase procedure with a fixed step size of 0.05. The staircase was terminated either after 50 trials or 5 reversals. The contrast detection threshold was determined as the mean of the last 4 reversals. Two staircases were completed and averaged for each threshold measurement. The same procedure was followed for both flanker distances of 2λ and 6λ. These particular flanker distances were selected based on a previous study reporting collinear inhibition for 2λ but not for 6λ\[[@pone.0232276.ref012]\] and our own pilot data supporting this observation. In fact, a 6λ flanker distance may induce facilitation.\[[@pone.0232276.ref032],[@pone.0232276.ref035]\] The 2λ separation was our experimental condition and the 6λ condition was a control condition to test for any general effects of a-tDCS on contrast sensitivity for the target stimulus. A training session was provided for all participants prior to data collection. Any trials in which eye position deviated by more than 1° from fixation were immediately repeated.

Brain-stimulation (tDCS) {#sec005}
------------------------

tDCS was delivered by a DC Stimulator MC from NeuroConn gmbh (<https://www.rogue-resolutions.com/catalogue/neuro-modulation/dc-stimulator-tes/>) using a pair of rubber electrodes (5cm x 5cm) placed inside saline soaked sponges. The electrodes were secured in place by the head strap of the eye tracker over electrode positions Oz (anodal electrode) and Cz (cathodal electrode) identified using the standard 10--20 EEG method ([Fig 1](#pone.0232276.g001){ref-type="fig"}). Participants each completed two randomly sequenced stimulation sessions conducted at least 48 hours apart; real 2mA anodal tDCS of the primary visual cortex for 20 minutes and sham tDCS where the current was ramped up and then immediately ramped down with the electrodes kept in place for 20 minutes. Participants were masked to the type of stimulation. During each test session, participants completed a block of four threshold measurements for each flanker distance pre-, during-, 5mins post- and 30mins post-stimulation. The sequence of 2λ and 6λ separation measurements was randomized within each test block.

![Experimental design.\
A) Collinear configuration of Gabor patches that has the same orientation and phase. B) Sample picture of a participant wearing the eye tracker and the electrodes of tDCS secured using the head strap of the eye tracker. C) Timeline of the experiment. The same timeline was used for anodal and sham stimulations.](pone.0232276.g001){#pone.0232276.g001}

Data analysis {#sec006}
-------------

Prior to analysis, the standard deviation across reversals was calculated for each individual staircase. Any staircase with a standard deviation of 2 or greater was considered to be unreliable and excluded from analysis. An ANOVA with within-subject factors of stimulation type (anodal vs. sham) and time (pre-, during-, 5 minutes post- and 30 minutes post-stimulation) was applied to the log contrast thresholds. Post-hoc Tukey HSD was used to compare the log contrast thresholds between different stimulation sessions. Paired t-tests were used to compare session 1 and session 2 baselines to test for task learning. 2λ and 6λ baselines were also compared to ensure that the 2λ separation induced collinear lateral inhibition. A p value of \<0.05 was considered statistically significant.

Results {#sec007}
=======

One staircase had a SD greater than 2 and was removed from further analysis (see [S1](#pone.0232276.s001){ref-type="supplementary-material"} and [S2](#pone.0232276.s002){ref-type="supplementary-material"} Tables). Baseline contrast detection thresholds for the central Gabor patch differed significantly between the two flanker separation conditions, with higher thresholds for the 2λ separation than the 6λ separation (mean ± SEM; 2λ 0.36±0.03, 6λ 0.14±0.02, t~12~ = 8.2, p \< 0.001). This is consistent with previous observations of collinear inhibition within peripheral vision at a target/flanker separation of 2λ\[[@pone.0232276.ref031],[@pone.0232276.ref032]\] but not at a 6λ separation. No significant difference between the baseline measures for session 1 and session 2 were observed for either the 2λ (session 1, 0.39±0.15; session 2, 0.34±0.16) (t~12~ = 1.1, p = 0.30) or 6λ (session 1, 0.13±0.15; session 2, 0.15±0.11) (t~12~ = 0.83, p = 0.42) conditions. This indicates the absence of task learning from one session to the next.

[Fig 2](#pone.0232276.g002){ref-type="fig"} shows raw individual participant data for the a-tDCS and sham stimulation sessions for the 2λ (top row) and 6λ (bottom row) flanker separation conditions (a table of data with mean contrast threshold and standard deviation of staircase reversals for every individual participant is provided in the supporting material: [S1](#pone.0232276.s001){ref-type="supplementary-material"} and [S2](#pone.0232276.s002){ref-type="supplementary-material"} Tables). [Fig 3](#pone.0232276.g003){ref-type="fig"} shows baseline-normalized group means. For the 2λ separation, a-tDCS significantly improved contrast detection thresholds for the central target (reduced collinear inhibition) whereas sham stimulation had no effect. There was a significant interaction between stimulation type \[anodal vs. sham\] and time \[pre, during, post 5 min, post 30 min\] (F~3,\ 36~ = 3.01, p = 0.042, partial η^2^ = 0.21), with post-hoc Tukey HSD comparisons revealing significantly reduced contrast thresholds relative to baseline for the a-tDCS session during stimulation (p = 0.001) and 30 min post stimulation (p = 0.01). Thresholds at the 5 min post stimulation timepoint did not differ significantly from baseline (p = 0.23). Thresholds within the sham stimulation session did not differ from baseline for any timepoint. For the 6λ separation, there was no significant interaction between stimulation type and time (F~3,\ 36~ = 0.46, p = 0.71, partial η^2^ = 0.04) indicating no difference between a-tDCS and sham on contrast detection thresholds.

![Contrast threshold.\
Log contrast detection thresholds (db) for each participant for the 2λ (top row) and 6λ (bottom row) flanker separations during the active (left column) and sham (right column) stimulation sessions.](pone.0232276.g002){#pone.0232276.g002}

![Reduction of collinear inhibition.\
Reduction of collinear inhibition using anodal-tDCS. Mean change in contrast detection threshold from baseline for the 2λ (red) and 6λ (blue) flanker separations for the anodal (solid line) and sham (dashed line) stimulation conditions. Error bars represent ±1 SEM and asterisk symbols represent statistical significance (p\<0.05). DS, during stimulation; PS, post stimulation.](pone.0232276.g003){#pone.0232276.g003}

Discussion {#sec008}
==========

The purpose of the study was to test the hypothesis that anodal tDCS would reduce collinear lateral inhibition in peripheral vision of observers with normal vision. The hypothesis was based on previous reports of improved peripheral Vernier acuity, Snellen acuity and contrast sensitivity\[[@pone.0232276.ref029]\] along with reduced center-surround suppression\[[@pone.0232276.ref027]\] following occipital lobe a-tDCS in participants with normal vision. Enhanced contrast sensitivity and modulation of visual cortex activity following a-tDCS have also been observed in patients with amblyopia.\[[@pone.0232276.ref025],[@pone.0232276.ref026]\] We observed a significant reduction of collinear inhibition during and 30 min after a single 20 min application of a-tDCS to the occipital lobe. The data collected 5 min post active stimulation exhibited that same trend as data collected during active stimulation and 30 min post active stimulation, but they did not differ significantly from baseline or the sham condition. These results could be likely due to noise inherent in both tDCS effects and psychophysical tasks involving peripheral vision. The effects of a single a-tDCS session are transient, but, overall, our results suggest that a-tDCS is able to modulate low-level lateral interactions in early visual cortex that may contribute to crowding in peripheral vision. The reduction of collinear inhibition that we observed for the measurements made offline (after stimulation) is consistent with previous studies reporting stronger offline than online (during stimulation) primary visual cortex a-tDCS effects \[[@pone.0232276.ref036]\]. However, in addition to the offline effect, we also observed a significant reduction of collinear inhibition for the online measurements. This is in agreement with a previous report of primary visual cortex a-tDCS effects on surround suppression. In general, offline effects are likely to be more important for the potential use of a-tDCS to improve vision in people with central vision loss as they indicate a lasting influence of a-tDCS on visual cortex function.

A number of explanations have been proposed for the effects of visual cortex a-tDCS. These include changes in response gain\[[@pone.0232276.ref029]\], stochastic resonance leading to increased signal strength\[[@pone.0232276.ref037]\], and reduced GABA-mediated inhibition\[[@pone.0232276.ref022],[@pone.0232276.ref024]\]. Our results are most clearly aligned with a reduction in cortical inhibition as we observed an effect for the lateral inhibition condition but not the control condition that would have also benefitted from response gain and stochastic resonance changes. Our results also support previous work indicating that lateral inhibition takes place in V1\[[@pone.0232276.ref031],[@pone.0232276.ref038]\], the primary target of our stimulation.

Previous studies have observed that collinear lateral inhibition can be reduced using perceptual learning in observers with normal vision\[[@pone.0232276.ref012]\] and observers with macular degeneration\[[@pone.0232276.ref010]\]. Maniglia et al.\[[@pone.0232276.ref012]\] reported an approximately 40% reduction of peripheral collinear lateral inhibition after training in healthy observers (an approximate absolute change in contrast threshold of 0.06). However, in order to achieve this reduction, each participant underwent 160 sessions over the course of 8 weeks (≈ 7600 trials/week). In this study, we observed that a single session of anodal tDCS reduced collinear lateral inhibition by approximately 30% (an absolute change in contrast threshold of 0.13 from baseline to 30 min post active stimulation). This suggests that a-tDCS may enhance the effects of perceptual learning paradigms designed to reduce collinear lateral inhibition. Indeed, a very recent study of healthy adults by Contemori et al. observed that the combination of a different tDCS protocol, transcranial random noise stimulation, and perceptual learning reduced peripheral crowding for trigram stimuli to a greater extent than perceptual learning alone.\[[@pone.0232276.ref039]\] Furthermore, tDCS increased the transfer of learning to other tasks. Taken together, the present results and the results of Contemori et al.\[[@pone.0232276.ref039]\] provide a strong foundation for the future application of non-invasive brain stimulation to the rehabilitation of patients with central vision loss, for whom the limitations of peripheral vision represent a major cause of visual disability \[[@pone.0232276.ref040]\].

One limitation of our study is that there is no consensus on whether lateral masking and crowding are associated, although they share similar features such as increasing strength with eccentricity\[[@pone.0232276.ref041]\] and a recent study showed that crowding and lateral masking are related and share similar neural mechanisms.\[[@pone.0232276.ref042]\] In particular, the mechanism of crowding is likely to involve higher visual processing centers.\[[@pone.0232276.ref041]\] Nonetheless, it is plausible that enhancing the early stages of visual processing by reducing collinear inhibition will improve higher-level visual processing of crowded stimuli.\[[@pone.0232276.ref043],[@pone.0232276.ref044]\] In addition, in this study we used a 6λ target flanker separation distance as a control condition. This separation distance was chosen because it does not induce lateral inhibition, however, flankers at this separation may induce collinear lateral facilitation.\[[@pone.0232276.ref032],[@pone.0232276.ref035]\] An alternative control condition could have involved the presentation of orthogonally oriented flankers at a 2λ target-flanker separation.\[[@pone.0232276.ref032],[@pone.0232276.ref035],[@pone.0232276.ref045]\] The fact that we found no effect of a-tDCS for the 6λ separation may suggest that lateral facilitation is not affected by V1 a-tDCS, perhaps because lateral facilitation involves visual areas downstream from V1.\[[@pone.0232276.ref046],[@pone.0232276.ref047]\] A study focused directly on lateral facilitation is required to address this interesting possibility. Finally, this study demonstrates only an acute effect of a-tDCS on lateral inhibition. The next stage in the development of this research area will be to study the possibility of long-lasting effects, perhaps by administering multiple a-tDCS sessions\[[@pone.0232276.ref048],[@pone.0232276.ref049]\] and/or combining a-tDCS with perceptual learning\[[@pone.0232276.ref050]\].

Supporting information {#sec009}
======================

###### Mean contrast threshold values (db) and SD of reversals for each participant in 2λ condition.

(DOCX)

###### 

Click here for additional data file.

###### Mean contrast threshold values (db) and SD of reversals for each participant in 6λ condition.

(DOCX)

###### 

Click here for additional data file.
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The experimental question that the authors tackled is interesting and timely, since collinear inhibition has been linked to visual crowding, one of the main obstacles to object recognition and reading speed in peripheral vision and one of the main targets of rehabilitative therapies for patients suffering from central vision loss.

I find the paper well written and the analysis properly conducted. I would have, however, liked to find some more explanation or discussion of the choice of parameters.
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1\) The control condition: Authors use a 6λ target-to-flankers separation as a control condition, citing previous studies 'reporting collinear inhibition for 2λ but not for 6λ'. However, previous studies also showed that 6λ is a separation at which collinear modulation is still present but with an inverse polarity (Maniglia et al. (2015) showed peripheral collinear modulation in peripheral vision up to about 10λ.), rather than just a separation for which collinear inhibition is not present. A 'cleaner' approach to this, and a more common control condition in this literature, is the use of orthogonal flankers (Shani and Sagi, 2005; Lev and Polat, 2011; Maniglia et al., 2011) placed at the same target-to-flankers separation. This allows for a control condition that is identical to the experimental condition, with the only difference that no collinear modulation is expected for target-flankers orientation differences of 90° (Polat and Sagi, 1993), thus providing a 'true' baseline. It would be important to motivate or comment upon this decision in the paper.

2\) The eccentricity of the tested configuration. Not too dissimilar from the previous point, a common eccentricity for the studies of peripheral collinear effect seems to be 4° (Shani and Sagi, 2005; Lev and Polat, 2011; Maniglia et al., 2011; 2015). What was the reason for the authors to choose 6°? Lev and Polat (2011; 2015) suggested that the range of collinear inhibition might increase with eccentricity, thus making the choice of 6λ slightly 'risky' as a non-inhibitory separation. However, the different pattern of results seems to solve this point for the authors. Still, only an orthogonal flanker condition would provide a clear reference for the direction of the collinear modulation.

3\) The spatial frequency of the stimuli. While foveal studies on collinear facilitation, either single or multiple-session, are usually conducted using mid-high spatial frequencies (e.g., Polat and Sagi, 1993; Polat, 2009), previous studies on peripheral collinear modulation seem to suggest that lower spatial frequencies maximize this effect (Maniglia, Pavan, Trotter, 2015). Why did the authors choose 7cpd?

4\) The stimulus size. The size of the stimulus is reported as 1°. In this literature it is common to report the σ of the Gabor patch, with several studies scaling it according to the spatial frequency (often σ=λ, e.g., Polat and Sagi, 1993; 1994; Shani and Sagi, 2005). What was the reason for this specific stimulus size? Previous studies suggest that the interaction between target-to-flankers separation, stimulus size and spatial frequency might affect the range of collinear modulation (Woods, Nugent, Peli, 2002).

Finally, I would comment upon the results at 6λ. Do they suggest that a-tDCS might not affect collinear facilitation (assuming that 6λ at 6° are not too dissimilar from 6λ at 4°)? Indeed, a number of studies suggest that, while collinear inhibition might rely on V1, collinear facilitation might be due at least in part, to extrastriate/higher level feedback mechanisms (Freeman et al. 2001; Angelucci et al., 2002; Angelucci and Bressloff, 2006; Maniglia, Trotter & Aedo-Jury, 2019). The involvement of areas outside the hotspot of the occipital electrode might partially explain this, although it is just a speculation.

Minor points

-Did the participants complete both sessions within the same day? what was the time interval between the two sessions? Did you control for long(er) lasting a-tDCS effects (e.g., difference between PS30_S and BL_A for those who started with real stimulation)?

-What was the luminance resolution?

-Was the luminance of the monitor linearized?

-In the Results section, the thresholds for 6λ should be reported as well (line 135)

-Were the flankers partially superimposed to the target in the 2λ condition? This seems to be a common occurrence for short separation (see Polat and Sagi, 1993, Figure 1). If that was the case, what was the luminance of the overlapping portions?

-A previous paper (Pirulli, Fertonani, Miniussi, 2013) argued that a-tDCS might work best when applied 'offline' (i.e., before the behavioral measurement). This seems consistent with your PS30_A results, a little bit less with the DS_A one.

-More of a personal curiosity: It would have been interesting to have crowding measurements before and after stimulation and test whether collinear inhibition and crowding changes correlated.

\*\*\*\*\*\*\*\*\*\*
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Reviewer \#1: Raveendran and colleagues examined whether anodal tDCS applied to the primary visual area decreases collinear lateral inhibition. The authors applied 2mA of sham or anodal tDCS for 20 minutes and found a decrease in collinear lateral inhibition in 2λ distanced Gabor patches, in anodal but not is sham condition - during the stimulation and 30 minutes later. The authors suggest using the findings to induce perceptual training of macular degeneration patients.

The introduction of the manuscript is clear and concise, the method is rigorously explained, the findings as well as real world applications are clear and prominent. The authors elegantly connect between previous findings regarding tDCS effects on early visual processes and the clinical population needs. However, to clarify the implications of the findings and to highlight the necessity for future research some minor revisions are essential.

Thank you very much for your constructive feedback. Please note the following amendments in response to your comments/suggestions.

\(1\) The manuscript is inconsistent between the broad potential implications and the specificity of the findings. The question presented throughout the introduction is whether MD patients can benefit from a decrease in collinear lateral inhibition as a result of tDCS induced learning protocol - while the experimental manipulation is performed on healthy participants after practice. The findings do not concern perceptual learning alteration, long lasting effects of stimulation or MD patients - these remain yet to be supported hypotheses. Indeed, thirty minutes is a notable timescale for a post-stimulation drag but before suggesting a clinical treatment one should first check the anticipated change at a much greater timescale, the findings are very promising but additional limitations should be mentioned. Additionally, provided that the learning threshold was achieved before the stimulation phase, the tDCS effects are usually considered to be temporarily local (e.g., Antal, Nitsche, & Paulus, 2006). One might think of applying atDCS during the initial practice, so that the early perceptual learning process is strengthened by tDCS. Aiming to improve the visual ability this approach might provide longer lasting effects.

The point is well taken. We have revised the following sections to address these comments.

• Abstract (Line 33) -- "lays the foundation for future work investigating whether"

• Introduction (Page 4; Lines 73-75 & 77-79) - "In this study, we took a first step towards evaluating whether visual cortex a-tDCS has the potential to reduce crowding in peripheral vision by assessing the acute effects of a single stimulation session on lateral inhibition in participants with normal vision... This finding paves the way for future studies designed to evaluate the possibility of inducing long-lasting changes in lateral inhibition using a-tDCS and, in the longer term, the potential use of a-tDCS to reduce crowding in individuals with central vision loss".

• Discussion (Page 10; Lines 225 - 228) -- "Finally, this study demonstrates only an acute effect of a-tDCS on lateral inhibition. The next stage in the development of this research area will be to study the possibility of long-lasting effects, perhaps by administering multiple a-tDCS sessions and/or combining a-tDCS with perceptual learning".

\(2\) 104-105: tDCS electrode size -- most likely the authors meant centimeters and not millimeters.

Thank you for pointing out the error. Now corrected in the revised manuscript (Page: 6; Line: 116)

\(3\) Punctuation and spacing around reference brackets are inconsistent throughout the text. As the journal does not copyedit the manuscript, it would be beneficial to perfect the typography.

Concluding, the study shows a significant influence of atDCS technique on collinear lateral In this study, we took a first step towards evaluating whether visual cortex a-tDCS has the potential to reduce crowding in peripheral vision by assessing the acute effects of a single stimulation session on lateral inhibition in participants with normal [vision.inhibition](http://vision.inhibition) and opens a door for future research of tDCS effects on perceptual learning in MD patients.

Thank you for pointing out the error. Now corrected in the revised manuscript.

Reviewer \#2: In this paper, the authors tested the hypothesis that transcranial electric stimulation, specifically anodal direct current stimulation (a-tDCS) reduces peripheral collinear inhibition in a single 20-minute session, unlike previous studies that necessitated of multiple behavioral sessions of perceptual learning to achieve this result. Results showed that peripheral collinear inhibition, measured as the contrast threshold for a Gabor target flanked by collinear elements, was indeed reduced during and 30 minutes after a-tDCS. Two control conditions, one in which the flankers were placed at a separation outside the range of collinear inhibition and a second one using sham stimulation, showed no change in contrast thresholds.

The experimental question that the authors tackled is interesting and timely, since collinear inhibition has been linked to visual crowding, one of the main obstacles to object recognition and reading speed in peripheral vision and one of the main targets of rehabilitative therapies for patients suffering from central vision loss.

Thank you very much for your constructive feedback. Please note the following amendments in response to your comments/suggestions.

I find the paper well written and the analysis properly conducted. I would have, however, liked to find some more explanation or discussion of the choice of parameters.

In particular, it would be useful to know the reasons for:

1\) The control condition: Authors use a 6λ target-to-flankers separation as a control condition, citing previous studies 'reporting collinear inhibition for 2λ but not for 6λ'. However, previous studies also showed that 6λ is a separation at which collinear modulation is still present but with an inverse polarity (Maniglia et al. (2015) showed peripheral collinear modulation in peripheral vision up to about 10λ.), rather than just a separation for which collinear inhibition is not present. A 'cleaner' approach to this, and a more common control condition in this literature, is the use of orthogonal flankers (Shani and Sagi, 2005; Lev and Polat, 2011; Maniglia et al., 2011) placed at the same target-to-flankers separation. This allows for a control condition that is identical to the experimental condition, with the only difference that no collinear modulation is expected for target-flankers orientation differences of 90° (Polat and Sagi, 1993), thus providing a 'true' baseline. It would be important to motivate or comment upon this decision in the paper.

Thank you for this comment. We agree that the suggested control condition would have been appropriate for our study. We chose a 6λ separation for our control condition because we wanted to avoid any potential inhibitory effect of the flankers and we considered facilitatory effects of the flankers to be acceptable. We have now provided a clearer justification for our choice of control condition in the methods section. We have also added the potential use of orthogonal flankers as a control condition to the discussion section as this an excellent suggestion.

"In addition, in this study we used a 6λ target flanker separation distance as a control condition. This separation distance was chosen because it does not induce lateral inhibition, however, flankers at this separation may induce collinear lateral facilitation" (Page 10 Lines 218-221).

2\) The eccentricity of the tested configuration. Not too dissimilar from the previous point, a common eccentricity for the studies of peripheral collinear effect seems to be 4° (Shani and Sagi, 2005; Lev and Polat, 2011; Maniglia et al., 2011; 2015). What was the reason for the authors to choose 6°? Lev and Polat (2011; 2015) suggested that the range of collinear inhibition might increase with eccentricity, thus making the choice of 6λ slightly 'risky' as a non-inhibitory separation. However, the different pattern of results seems to solve this point for the authors. Still, only an orthogonal flanker condition would provide a clear reference for the direction of the collinear modulation.

We decided to test at 6° in control participants because about 70% (of 1339 eyes) of patients with macular degeneration (the imminent study group) have scotoma size of \<5° (Fletcher, Schuchard, 1997). This is the reason to go beyond the most common 4° eccentricity. We have now justified this design choice in the manuscript

"We presented our stimuli at an eccentricity of 6° because about 70% of macular degeneration patients have a scotoma size of \<5° \[5\] and this experiment was the first step towards investigating the effects of a-tDCS in individuals with macular degeneration" (Page 5 Lines 94-96).

3\) The spatial frequency of the stimuli. While foveal studies on collinear facilitation, either single or multiple-session, are usually conducted using mid-high spatial frequencies (e.g., Polat and Sagi, 1993; Polat, 2009), previous studies on peripheral collinear modulation seem to suggest that lower spatial frequencies maximize this effect (Maniglia, Pavan, Trotter, 2015). Why did the authors choose 7cpd?

Our stimulus display system had a low luminance resolution (8 bit). Therefore, we chose a spatial frequency with detection thresholds that were within the measurable range for our system. Our pilot data indicated that a 7 cpd stimulus produced measurable thresholds and also exhibited lateral inhibition. This is now described in the manuscript as "We selected a spatial frequency of 7 cpd because this spatial frequency produced detection thresholds that were measurable with our 8-bit-luminance-contrast stimulus display system" (Page 5 Lines 92-94).

4\) The stimulus size. The size of the stimulus is reported as 1°. In this literature it is common to report the σ of the Gabor patch, with several studies scaling it according to the spatial frequency (often σ=λ, e.g., Polat and Sagi, 1993; 1994; Shani and Sagi, 2005). What was the reason for this specific stimulus size? Previous studies suggest that the interaction between target-to-flankers separation, stimulus size and spatial frequency might affect the range of collinear modulation (Woods, Nugent, Peli, 2002).

1° was the visible extent of our stimulus on the screen. We agree that specifying σ is more appropriate and we have changed this throughout the manuscript (Page 5 Lines 91-94).

Finally, I would comment upon the results at 6λ. Do they suggest that a-tDCS might not affect collinear facilitation (assuming that 6λ at 6° are not too dissimilar from 6λ at 4°)? Indeed, a number of studies suggest that, while collinear inhibition might rely on V1, collinear facilitation might be due at least in part, to extrastriate/higher level feedback mechanisms (Freeman et al. 2001; Angelucci et al., 2002; Angelucci and Bressloff, 2006; Maniglia, Trotter & Aedo-Jury, 2019). The involvement of areas outside the hotspot of the occipital electrode might partially explain this, although it is just a speculation.

Great comment and a very plausible explanation for the reduced effect of a-tDCS in the 6λ viewing condition. We have added this possibility to the discussion

"The fact that we found no effect of a-tDCS for the 6λ separation may suggest that lateral facilitation is not affected by V1 a-tDCS, perhaps because lateral facilitation involves visual areas downstream from V1."(Page 10 Lines 222-224).

Minor points

-Did the participants complete both sessions within the same day? what was the time interval between the two sessions? Did you control for long(er) lasting a-tDCS effects (e.g., difference between PS30_S and BL_A for those who started with real stimulation)?

All participants had at least 48 hours between the sessions (Page 6; Line 120). We randomized the testing sequence to average out any potentially confounding between-session effects (Page 7; Line 146-147).

-What was the luminance resolution?

8-bit, now specified in the manuscript (Page 5; Line 93)

-Was the luminance of the monitor linearized?

Yes, the screen was Gamma calibrated (γ = 2.2).

-In the Results section, the thresholds for 6λ should be reported as well (line 135)

Yes, thank you for spotting it. The values have been added now. Page-7; Line 147.

-Were the flankers partially superimposed to the target in the 2λ condition? This seems to be a common occurrence for short separation (see Polat and Sagi, 1993, Figure 1). If that was the case, what was the luminance of the overlapping portions?

No, the target and flankers were not overlapping (but they were close).

-A previous paper (Pirulli, Fertonani, Miniussi, 2013) argued that a-tDCS might work best when applied 'offline' (i.e., before the behavioral measurement). This seems consistent with your PS30_A results, a little bit less with the DS_A one.

This is an interesting point and we now mention this possibility in the discussion and include the suggested reference

"The reduction of collinear inhibition that we observed for the measurements made offline (after stimulation) is consistent with previous studies reporting stronger offline than online (during stimulation) primary visual cortex a-tDCS effects. However, in addition to the offline effect, we also observed a significant reduction of collinear inhibition for the online measurements. This is in agreement with a previous report of primary visual cortex a-tDCS effects on surround suppression. In general, offline effects are likely to be more important for the potential use of a-tDCS to improve vision in people with central vision loss as they indicate a lasting influence of a-tDCS on visual cortex function." (Page 8; Line 184-190).

-More of a personal curiosity: It would have been interesting to have crowding measurements before and after stimulation and test whether collinear inhibition and crowding changes correlated.

We agree and this a question that our group is currently working on.
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Dear Dr. Raveendran,

We are pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it complies with all outstanding technical requirements.

Within one week, you will receive an e-mail containing information on the amendments required prior to publication. When all required modifications have been addressed, you will receive a formal acceptance letter and your manuscript will proceed to our production department and be scheduled for publication.

Shortly after the formal acceptance letter is sent, an invoice for payment will follow. To ensure an efficient production and billing process, please log into Editorial Manager at <https://www.editorialmanager.com/pone/>, click the \"Update My Information\" link at the top of the page, and update your user information. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, you must inform our press team as soon as possible and no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

With kind regards,

Peter Schwenkreis

Academic Editor
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Anodal transcranial direct current stimulation reduces collinear lateral inhibition in normal peripheral vision

Dear Dr. Raveendran:

I am pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please notify them about your upcoming paper at this point, to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

For any other questions or concerns, please email <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE.

With kind regards,

PLOS ONE Editorial Office Staff

on behalf of

Dr. Peter Schwenkreis

Academic Editor
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